Introduction
Physical activity plays a significant role in the prevention of chronic diseases. Increased participation in physical activity decreases the risk for the development of cardiovascular disease, diabetes, and cancers (Booth, 2008) . Emerging evidence demonstrates that maternal exercise during pregnancy may play a role in the prevention of these chronic diseases in the offspring through fetal programming in utero (Newcomer et al., 2012) . However, the relationship between maternal exercise during pregnancy and susceptibility of offspring to developing breast cancer has not been explored.
In the developmental stage the mammary gland is more susceptible to carcinogenesis during puberty and pregnancy and after menopause, periods when significant mammary tissue remodeling is evident and environmental insults and/or genetic aberrations may lead to epithelial transformation. Such windows also coincide with optimal periods for behavior modification towards cancer prevention. Exercise during adolescence or menopause is associated with decreased breast cancer risk in an individual (Friedenreich et al., 2001) . Additional opportunities to alter risk may exist during the prenatal period of mammary development. Indeed there is evidence linking dietary and estrogenic exposure in pregnancy to increased risk of mammary cancer in multiple generations of offspring (Cho et al., 2012; De Assis et al., 2012) . The current study examined the impact of maternal exercise during pregnancy on mammary tumorigenesis in the offspring.
Materials and methods

Animals
Virgin female Sprague Dawley rats were utilized. Upon arrival, all dams were housed individually with access to a running wheel to become acclimated to their environment and running wheel. On day 4, the exercise wheels were locked and male rats were housed with the dams for breeding purposes. All animal experiments were approved by the Purdue Animal Care and Use Committee.
Intervention
Following breeding, dams were randomly assigned to sedentary (n = 4) and exercised (n = 7) experimental groups. All dams were housed individually in running wheel cages. The exercise group had access to an unlocked running wheel and the sedentary group were housed with a locked running wheel during pregnancy. All dams were fed a standard chow (Harlan Rodent Diet 2018; Harlan Laboratories, Indianapolis, Indiana, USA) ad libitum and weighed daily. Total distance (km) was recorded daily for all exercised dams using a magnetic sensory system (Rat Activity Wheel; Lafayette Instrument, Lafayette, Indiana, USA or Schwinn 17 Function Bike Computer; Pacific Cycle, Madison, Wisconsin, USA). Once the dams gave birth to the offspring, the exercise wheels were locked and the pups continued to be housed with their birth mother until they were weaned at 21 days of age.
Experimental groups
Measurements of litter size and weight were taken 1 day after birth. Following weaning, one female offspring from all exercised dams, one female offspring from a sedentary dam, and two female offspring from each of the three remaining sedentary dams were randomly selected and assigned to offspring from exercised (n = 7) and offspring from sedentary (n = 7) experimental groups. Throughout the duration of the experiment offspring were individually housed without access to a running wheel and fed a high fat diet comprised of 20% protein, 45% fat, and 35% carbohydrate (D12451; Open Source Diets, New Brunswick, New Jersey, USA).
Tumor induction and assessment
At 1.5 months following weaning, the pups from exercised and sedentary dams were given a single injection of N-methyl-N-nitrosourea intraperitoneally at 50 mg/kg to induce tumors in the mammary glands, and maintained on their respective diets. The pups were inspected biweekly for developing tumors, which were palpated by hand and measured with digital calipers on three axes. The sizes of the tumors were documented in mm 3 . Animals were killed at 4 months post-N-methyl-N-nitrosourea injection. A sample from each tumor of all animals was collected and subjected to histological verification for tumor grade. For histological evaluation, mammary tumor subsamples were fixed in 10% neutral formalin for paraffin embedding. Tumor grade was histologically classified by the Purdue Veterinary Medicine Histopathology laboratory. Tumor onset data were analyzed using the Kaplan-Meier method and Proc Lifetest in SAS (SAS Institute Inc., Cary, North Carolina, USA).
Statistical analysis
Descriptive and univariate statistics were assessed for all variables. Student's t-test was used to compare groups. Litter characteristics were analyzed using a repeated measures analysis of variance where dam was nested in intervention. Tumor onset data were analyzed as rightcensored survival data using the Kaplan-Meier method and Proc Lifetest in SAS. Each group was compared using the log-rank test. Results are expressed as mean±SE. Values were considered significant at P up to 0.05.
Results
The distance dams ran during pregnancy is shown in Fig. 1a . Exercised dams ran on average 2.0±0.2 km/day during pregnancy. There was no significant difference in litter weight between the pups from sedentary dams and the pups from exercised dams (103.2±3.7 vs. 93.1±4.1 g, respectively). The litter size of sedentary dams was significantly greater (15.5±0.9 pups/dam) compared with that of the exercised dams (13.7±0.3 pups/dam, P = 0.04). The weight of the sedentary dams was not different compared with the exercised dams at any time (Fig. 1b) .
The incidence of mammary tumors was lower in pups from exercised (42.9%) compared with those from sedentary (100.0%) dams (Fig. 2d ). In pups that did develop tumors, the average tumor latency period was not significantly different in pups from exercised (61.7±1.2 days) compared with pups from sedentary (66.5±9.1 days) dams (Fig. 2d ). Histological analysis of mammary tumors revealed that tumor grade was not different in the pups from sedentary versus exercised dams ( Fig. 2e ). Specifically, pups with tumors from both sedentary and exercised dams developed mammary adenocarcinomas. There was no difference in the body weights ( Fig. 2a ), average tumor frequency ( Fig. 2b) , or average volume per tumor (Fig. 2c ) between the pups from the exercised dams and the pups from the sedentary dams.
Discussion
In summary, these data are the first to demonstrate that maternal exercise during pregnancy imparts substantial protection against mammary tumorigenesis in female offspring. As anticipated (Thordarson et al., 2001) , there was a 100% incidence of mammary tumors in pups from sedentary mothers, and an unprecedented reduction to 42.9% incidence in pups from exercised dams. These data suggest that maternal exercise during pregnancy modulates early life events to potentiate protection from breast cancer in offspring even following powerful carcinogenic exposure.
A growing body of epidemiological data clearly demonstrates that daily participation in moderate to vigorous physical activity can reduce the incidence of breast cancer by 25-30% (Na and Oliynyk, 2011) , but the mechanism is unclear. From the current results, we can speculate that changes in maternal metabolism or factors released into the circulation in response to exercise could impart robust anticarcinogenic programming effects to the developing fetus. Healthy lifestyle choices during pregnancy, including proper nutrition and exercise, appear to promote offspring health that also persists beyond the neonatal period and may be mediated through changes in maternal metabolism, placental growth and vascularity, oxidative stress, and endothelial cell function (Weissgerber et al., 2004; Sankaralingam et al., 2011) . Future investigations will be needed to elucidate the mechanisms underlying the protective effects of maternal exercise during pregnancy on breast cancer susceptibility in offspring.
To our knowledge, this is the first report demonstrating that maternal exercise during pregnancy results in a significant reduction of mammary tumor incidence in female offspring. At this time, the underlying mechanisms that mediate the protective effect of maternal exercise on tumorigenesis are unclear, although various possibilities exist. These results provide an important first step towards identifying pregnancy as a potential time when maternal exercise effectively transmits substantial protection to offspring from cancer.
